ABSTRACT This study investigates the zone of overlap and hybridization between a new species in the Allonemobius species complex and Allonemobius socius (Scudder 1877). The new species, Allonemobius sp. nov. Tex was previously misidentiÞed as Allonemobius fasciatus (De Geer 1773). Our survey of genetic variation at 13 allozyme loci shows that the new species differs from A. fasciatus in at least two allozyme loci. A. sp. nov. Tex is distributed mainly in Texas, and it is sympatric with A. socius in some parts of its distribution where the two species hybridize. In addition to the two Þxed allelic differences between the two species, there is also a unique allele at a third locus in A. sp. nov. Tex. The proportion of hybrids in the mixed populations where the two species co-occur is always low, resulting in bimodal hybrid index scores. The bimodal distribution suggests that there is reproductive isolation between the new species and A. socius. This reproductive isolation is maintained, at least in part, through conspeciÞc sperm precedence, which also serves as the major barrier to gene ßow between A. socius and A. fasciatus.
Hybrid zones are places where two distinct taxa come into contact, mate, and produce offspring of mixed ancestry (for review, see Howard et al. 2004 ). The strength of reproductive isolation can vary between hybridizing taxa, which means that the number of hybrid offspring can range from very few to many, resulting in bimodal to unimodal distributions of hybrid (or character) index scores (Howard 1993 , Harrison and Bogdanowicz 1997 , Jiggins and Mallet 2000 . In unimodal hybrid zones, the population consists of a swarm of individuals of mixed ancestry. If the swarm expands and the two taxa ultimately fuse, the history of divergence of the parental forms will ultimately be erased. Bimodality of hybrid index scores in a hybrid zone indicates that a reproductive barrier exists between the two parental forms. This barrier may have evolved in allopatry as a by-product of genetic divergence or it could have been strengthened in the hybrid zone as a consequence of selection against hybridization (Howard 1993) . Whatever accounts for the origin of the reproductive barrier(s), bimodal hybrid zones present exceptional opportunities to study the nature and genetic basis of reproductive barriers (Harrison 1990) . In particular, they provide powerful insight into the genetics of speciation, because the genes responsible for the reproductive isolation have not ßowed across the species boundary and the failure to ßow can be used as a criterion to identify candidate "speciation" genes.
One of best-studied hybrid zones occurs between Allonemobius fasciatus (De Geer 1773) and Allonemobius socius (Scudder 1877), two ground-dwelling crickets in the subfamily Nemobiinae. A. fasciatus is distributed throughout the northern part of the United States, and southern Canada, whereas A. socius has a more restricted range in the southeastern portion of the United States (Howard 1986, Howard and Furth 1986) . The two species come into contact and hybridize along a zone of varying width that stretches from the East Coast to Illinois (Howard and Waring 1991) . Throughout this zone, hybrid index scores based on diagnostic allozyme loci are almost always bimodal, and after two decades of work, it is now clear that this bimodality is preserved by conspeciÞc sperm precedence between the two species coupled with very Þne patterns of habitat segregation , Gregory and Howard 1994 , Howard et al. 2002 . Weibel and Howard (2000) , reported that A. fasciatus occurs in Texas, suggesting that the southern boundary of this species occurs Ͼ1,000 km farther south in the middle of North America than in eastern North America. Such dramatic shifts in orthopteran boundaries are not unusual, and they have been documented previously (Walker 2007) . However, more recent work in the Howard and Marshall labs (Marshall 2004 , this study) indicate that the Texas popu-lations of A. fasciatus are distinct from northern A. fasciatus at two allozyme loci and that they represent a new species. The new diagnostic alleles run close to the alleles typical of A. fasciatus, but they are clearly distinguishable in fresh samples and in samples initially frozen in liquid nitrogen tanks.
The discovery of this new species raises questions about its phylogenetic relationship with A. fasciatus and A. socius and the level of reproductive isolation between the new species and its two better known congeners. In this study, we investigate the distribution of the new species and interactions in its zone of contact with A. socius by sampling populations in central and eastern Texas and the southeastern United States. Of interest are the distribution of the new species and the population genetic structure of, and the patterns of interaction between, the two species in areas where they occur together.
Materials and Methods
To understand the distribution of the new species Allonemobius sp. nov. Tex and patterns of interaction within the zone of contact between this species and A. socius, we collected crickets from 31 localities across Alabama, Florida, Georgia, Louisiana, Mississippi, North Carolina, Oklahoma, South Carolina, and Texas (Fig. 1 ). Collections were done in typical A. socius habitats, mainly low, wet grasslands and forest edges where the two species co-occur. All collections were done during the summer of 2002. Upon collection, all individuals were brought back to the laboratory alive and later stored at Ϫ80ЊC in an ultracold freezer.
We used horizontal starch gel electrophoresis to study genetic variation at allozyme loci in the two taxa (see Howard 1983 for details of electrophoretic methods). Initially, all crickets were run and scored at one allozyme locus, L-malate dehydrogenase (Mdh). Variation at this locus distinguishes A. socius, A. fasciatus, and A. sp. nov. Tex from closely related species in the Allonemobius allardi (Alexander and Thomas 1959) complex that often co-occur in short, grassy Þelds. After removing members of the A. allardi complex from the collections, we studied allelic variation at 13 enzyme loci in Þve individuals chosen randomly from all the populations. This survey of variation identiÞed four loci that varied within or between species and could be consistently scored: hexokinase (Hk), isocitrate dehydrogenase-1 (Idh-1), glutamate oxacetic transaminase (Got), and phosphoglucose isomerase (Pgi). We then characterized all the remaining individuals from each population at these four loci.
To assess population genetic structure in each population, we investigated deviations from HardyÐWein-berg equilibrium and F-statistics for the four loci that showed allelic variation. We also studied patterns of associations between loci (pairwise linkage disequilibrium). All the calculations were done using Genepop on the Web (Raymond and Rousset 1995) .
Two of the four loci studied in detail were diagnostically different between the two species (Hk and Idh-1), whereas a third locus (Got) harbored unique alleles in A. sp. nov. Tex that were not found in A. socius. We calculated a character index score for each individual based on its genotype at these three loci (see Results). These scores were then used to construct character index proÞles for each population. Character index proÞles provide a convenient way to visualize the genotypic composition of populations and patterns of interaction between distinct taxonomic groups that have come into spatial contact (Howard et al. 1993, Jiggins and Mallet 2000) . We assigned a score of Ϫ1 to alleles speciÞc to A. socius, and ϩ1 to alleles speciÞc to A. sp. nov. Tex. The character index score of an individual is the sum of these scores over all three loci (Appendix 1). Because there are two loci (Hk, and Idh-1) with unique alleles in A. socius, and three loci (Hk, Idh-1, and Got) with unique alleles in A. sp. nov. Tex, the index scores range from Ϫ4 to ϩ6. The bars in Fig. 2 
Results
Electrophoretic Analysis. As noted, there are Þxed electrophoretic differences between the two species at Hk and Idh-1. A. sp. nov. Tex is Þxed for the 1.0 allele at the Hk locus and the 1.3 allele at the Idh-1 locus, whereas A. socius is Þxed for the 0.8 allele at Hk and exhibits a suite of alleles at the Idh locus (1.0, 1.8, 2.0, and 2.2). At the Got locus, A. socius is Þxed for the 1.6 allele, whereas A. sp. nov. Tex is polymorphic, harboring both the 1.6 allele and the 2.0 allele (Table 1 summarizes the allele frequency data from 30 populations for the two species). The 1.3 allele at Idh-1 and the 2.0 allele at Got also separate A. sp. nov. Tex from A. fasciatus (Table 2) .
Distribution of the New Species, Location of the Contact Zone, and Patterns of Introgression. The new species A. sp. nov. Tex is found in Texas, Oklahoma, and Louisiana (Figs. 1 and 2). Populations east of Louisiana are composed only of A. socius. We found two localities near the OklahomaÐTexas border (OK3, TX5), and a third locality in central Texas (TX10) where the two species co-occur. Populations from central Texas (TX3, TX9, TX11, TX12, TX13, TX14, and OK2) usually contained only A. sp. nov. Tex; however, some of the individuals from these populations harbored alleles typical of A. socius and can be considered to be hybrids (individuals of mixed ancestry; Fig. 2 ). In these populations, the proportion of hybrids is low, ranging from 0.08 to 0.25. In the three populations where the two species co-occur, the proportion of hybrids was also low, 0.16 in TX5, 0.35 in TX10, and 0.0 in OK3, giving rise to a bimodal distribution in the hybrid index proÞles (Fig. 2) . Although some gene ßow occurs between the two species, that they remain distinct where they occur together in areas of sympatry indicates that reproductive barriers are quite strong. Continued on following page locus in A. sp. nov. Tex is 1.20, whereas the average number of alleles per locus in A. socius is 1.26. Finally, the observed level of heterozygosity in A. sp. nov. Tex is 0.05, whereas the observed level of heterozygosity in A. socius is 0.06. Overall, the level of genetic variation in these species, as measured by allozymes, is commensurate with the levels of genetic variation typically found in non-Drosophila insect populations (Fuerst et al. 1977) .
Genetic Structure of Populations Allopatric to the Contact Zone. There is an obvious allelic difference at Idh-1 between the East Coast populations of A. socius (including coastal areas) and more westerly populations of A. socius. The East Coast populations harbor more variation at this locus, and the highest frequency allele is 2.0, whereas the 2.2 allele predominates in western populations. The transition between the two groups of populations can be seen by comparing allele frequencies of FL1, GA3, NC1, NC2, and SC2 with the allele frequencies of SC1 and NC3. The position of the phylogeographic break suggests that the Appalachian Mountains play some role in its maintenance. This phylogeographic break has been reported previously for northern A. socius populations (Huestis and Marshall 2006 In general, variation at each locus in each population was in HardyÐWeinberg equilibrium (Table 3 ). The only exception was the Pgi locus in the OK2 Unique alleles for either species are represented in bold. 
Genetic Variation and Population Structure where the Two Species Co-occur
In the mixed populations (OK3, TX5, and TX10), there is ample evidence of hybrid deÞciencies. Character index proÞles for all three populations are bimodal (Fig. 2) and F IS values are positive at the three loci that differentiate the two species (Table 4) . Moreover, signiÞcant deviations from HardyÐWeinberg equilibrium expectations occur at Idh-1 and Hk in the two Texas populations (Table 3 ). The sample size from the OK3 population is too small to test for such deviations, but it is striking that no mixed ancestry individuals occurred in the sample of six individuals characterized from this population. Although the genotype at one of the diagnostic loci tends to predict the genotypes at the other diagnostic loci in the three mixed populations, statistically signiÞcant pairwise linkage disequilibrium was achieved only in the case of Idh and Hk from the TX5 population (Table 5 ). In general, the failure to achieve statistical signiÞcance can be attributed to relatively small sample sizes and the tendency for one species to predominate in the mixed populations (Fig. 2) . 1.000 (0.000) 1.000 (0.000) OK3, TX5, and TX10 are the mixed populations where two species co-occur. SigniÞcant deviations are represented in bold. P-values are probabilities of error when rejecting the Hardy-Weinberg equilibrium frequencies (Raymond and Rousset 1995) . (Marshall 2004) . The estimated time of divergence between A. socius and A. fasciatus is around 6,000 Ð 60,000 yr. Also, the unique alleles found in A. sp. nov. Tex. give rise to allozyme bands that run close to the bands typical of A. fasciatus and A. socius, and these unique alleles occur at the same loci that differentiate A. fasciatus from A. socius.
Hybrid Zone Structure. Thus far, A. sp. nov. Tex is known from a relatively limited geographic areaÑ central and eastern Texas, southern Oklahoma, and western Louisiana. In northern Texas, southern Oklahoma, and western Louisiana, it is sympatric with A. socius, and in these areas of overlap, the two species hybridize. The overall resemblance between the hybrid zone of A. socius and A. sp. nov. Tex, and that of A. socius and A. fasciatus, is striking. In the areas where A. socius and A. sp. nov. Tex co-occur, they do not form hybrid swarms. Instead, the abundance of hybrids is always low; resulting in hybrid index proÞles that have a bimodal distribution. This bimodality indicates that there is strong reproductive isolation between these two species. Mixed populations of A. socius and A. fasciatus give rise to similar bimodal hybrid index proÞles Waring 1991, Britch et al. 2001) . Extensive studies of this species pair, both in the Þeld and in the laboratory have demonstrated that the reproductive isolation between them cannot be attributed to differences in calls, in phenology, in habitat utilization patterns, or in mating preferences , Doherty and Howard 1996 . Thus far, conspeciÞc sperm precedence is the only strong barrier to gene ßow that has been documented between A. socius and A. fasciatus Gregory and Howard 1994; Howard et al. 1998; Howard et al. 2002) . A. sp. nov. Tex has not yet been studied in the same detail as the other two species, but it is indistinguishable from A. socius in the Þeld and it occurs in the same habitats as A. socius. Intriguingly, there is evidence of conspeciÞc sperm precedence between the two species (Marshall 2004) The presence of a small number of "hybrids" in otherwise pure, single species populations may be explained by the presence of the second species at low frequencies in these populations. Alternatively, the occurrence of alleles associated with the second species may represent the retention of an ancestral polymorphism. More concerted collecting over the course of the next several years should help determine which explanation is more reasonable.
This new hybrid zone falls into one of the suture zones described by Remington (1968) . The reality of these suture zones has been debated over the years, and it has not been tested rigorously until recently (Swenson and Howard 2004 ). Swenson and HowardÕs clustering analysis of hybrid zones using geographical information system techniques indicates that this hybrid zone falls onto a hotspot of contact zone clustering (Swenson and Howard 2005) . The overlap of this hybrid zone with a contact zone hot spot and the estimated time of divergence between A. socius and A. sp. nov. Tex suggest that the most recent episode of Pleistocene glaciations in North America pushed A. socius and A. sp. nov. Tex into separate refugia, where they diverged genetically. The role of ice ages and refugia on speciation and current biological diversity has attracted increased attention from evolutionary biologists over the course of the past decade because DNA sequence information has provided new insight into the location of refugia and patterns of migration out of refugia (Hewitt 1996 (Hewitt , 2004 .
The phylogeographic break in A. socius that is marked by patterns of variation at the Idh-1 locus also occurs in a contact zone hot spot, one that runs along the Appalachian Mountains (Swenson and Howard 2005) . The loss of variation at the Idh-1 locus in western populations is consistent with a westward expansion of A. socius from a southern coastal refugium. The expansion front probably occurred south of the Appalachian Mountains, which limited gene ßow be- 
